Recombinant ExoU (rExoU) and yeast extract were used to optimize an in vitro phospholipase assay as a basis for identifying the mechanism for enzyme activation and substrate specificity. Our results support a model in which a eukaryotic protein cofactor or complex facilitates the interaction of rExoU with phospholipid substrates.
Recombinant ExoU (rExoU) and yeast extract were used to optimize an in vitro phospholipase assay as a basis for identifying the mechanism for enzyme activation and substrate specificity. Our results support a model in which a eukaryotic protein cofactor or complex facilitates the interaction of rExoU with phospholipid substrates.
ExoU expression by Pseudomonas aeruginosa correlates to an acute cytotoxic response and sepsis (1, 6, 9) . In Saccharomyces cerevisiae, ExoU expression causes cellular death (15, 16, 17) , fatty-acid release, and vacuolar fragmentation (16, 17) . ExoU is a member of the patatin family of phospholipases possessing a catalytic dyad and a glycine-rich motif (14, 16, 17) . Mutagenesis of either catalytic amino acid, S142 or D344, abolishes ExoU-mediated cytotoxicity in yeast and mammalian systems (14, 17) . Recombinant ExoU (rExoU) phospholipase activity is detectable in vitro, but only if cellular extracts are added to the reaction mixture (17) . Specific parameters of the enzymatic assay were investigated to develop biochemical tools to identify the factor that activates rExoU phospholipase activity.
Optimization of an in vitro assay. rExoU phospholipase activity was measured as described previously (17) . Liposomes consisted of 50% 1-palmitoyl-2-oleoyl-phosphatidylcholine (POPC), 50% 1-palmitoyl-2-oleoyl-phosphatidylserine (POPS), and 0.54 mol% radiolabeled tracer (1-palmitoyl-2-[1-14 C]oleoyl-PC). Hydrolysis of the substrate by 1 g of rExoU was dose dependent in yeast extract, and 4 g of yeast proteins demonstrated 50% of the saturated activity (Fig. 1A) . The hydrolysis of radiolabeled POPC was also dependent on the amount of rExoU (Fig. 1B) . Optimal rExoU activity was observed when the pH of the reaction buffer was between 6.0 and 7.0 and the temperature was between 24 and 30°C in the presence of either yeast or Chinese hamster ovary (CHO) cell extract ( Fig. 1C and D and data not shown). The maximal activity of rExoU was observed in buffers containing 50 to 150 mM NaCl (Fig. 1E) . Nonionic detergent (Triton X-100 or Tween 20), nondenaturing zwitterionic detergent (CHAPS {3-[(3-cholamidopropyl)-dimethylammonio]-1-propanesulfonate}), and anionic detergent (sodium dodecyl sulfate) all inhibited rExoU activity at low concentrations (Table 1 and data not shown).
rExoU substrate specificity. rExoU substrate specificity was quantified by using honeybee phospholipase A 2 (PLA 2 ) as a positive control (19, 21) . rExoU hydrolyzed radiolabeled POPC at a level equivalent to 141% of that hydrolyzed by honeybee PLA 2 ( Table 2) 
14 C] serine (DOPS) was used to label POPC-POPS (50:50) liposomes, hydrolysis of DOPS was undetectable (Table 2) . rExoU, after incubation with liposomes containing 1,
14 C]-phosphatidic acid (DPPA), demonstrated reduced activity (Table  2 ). To simulate bacterial membranes, liposomes composed of 80% 1-palmitoyl-2-oleoyl-phosphatidylethanolamine (POPE) and 20% 1-palmitoyl-2-oleoyl-phosphatidylglycerol (POPG) labeled with 1-palmitoyl-2-[1-
14 C]linoleoyl-PE (PLPE) were tested as substrates. rExoU hydrolyzed PLPE in these liposomes at a level equivalent to 86.6% of that hydrolyzed by the positive control ( Table 2 ). The head groups of PC and PE are neutral (zwitterionic), whereas PS and PA carry a net negative charge. We conclude that phospholipids with saturated fatty acids and/or acidic head groups are less suitable substrates for rExoU.
rExoU activity on lyso-palmitoyl-1-[ 14 C]PC (lysoPC) in POPC-POPS (50:50) liposomes was estimated based on comparing the specific activity of lysoPC to that of POPC. The specific activity of rExoU for lysoPC was approximately twofold lower than that observed for POPC (data not shown).
rExoU requires a eukaryotic proteinaceous cofactor. rExoU exhibits in vitro PLA 2 -like activity in the presence of yeast or CHO cell extracts. Bacterial soluble extracts did not activate rExoU (data not shown). Human cytosolic PLA 2 (cPLA 2 ) requires calcium ions (3, 5, 13) . The addition of CaCl 2 and other cations, namely, Mg 2ϩ and Zn 2ϩ , did not activate rExoU (Table 1 and data not shown). The mechanism of ExoU activation may involve a eukaryotic cofactor or a modification of the protein. To differentiate between these two models, rExoU was preincubated with yeast extract and then subjected to the addition of substrate. Samples both with and without preincubation demonstrated similar kinetics and levels of hydrolysis (data not shown). In an additional experiment, His 6 -tagged rExoU was preincubated with yeast extract, and pretreated rExoU was removed from the extract by use of cobalt Sepharose beads. The isolated rExoU after preincubation was inactive, yet phospholipase activity was regained upon the addition of fresh yeast extract (data not shown).
Incubating yeast extract at 56 or 100°C decreased or completely abolished, respectively, its ability to activate rExoU ( Fig. 2A) . When yeast extract was treated with chymotrypsin before its addition to the assay, rExoU activity was reduced (Fig. 2B) or abolished upon longer protease treatment (data not shown). Size exclusion filtration with a spin column indicated that the activator possessed a molecular mass of over 100 kDa (data not shown). We concluded that the cofactor in yeast could be a large protein or a protein complex of over 100 kDa.
Although cellular extracts are necessary to reconstitute rExoU phospholipase activity, endogenous proteases present in the extracts may degrade rExoU, the cofactor, or both molecules. Loss of the full-length protein and generation of proteolytic products were observed after 1 h (Fig. 3A) . The disappearance of rExoU was more extensive at pH 7.4 than at pH 6.5. Higher rExoU activity was retained at pH 6.5 (Fig. 3A) . rExoU degradation was decreased, and activity was preserved, by the addition of aprotinin (Fig. 3A) . To minimize the protein degradation, rExoU phospholipase activity was measured in the presence of aprotinin at various temperatures after a 15-min incubation. Optimal rExoU activity was observed at 24 to 30°C, and relatively high phospholipase activity was retained at 37°C (Fig. 3B) . Our results suggest that the detection of the poor phospholipase activity of rExoU (18) may result from a combination of inappropriate substrates and reaction conditions that induce the proteolysis of rExoU and the cofactor.
Conformation of rExoU. Circular dichroism was used to determine if rExoU activity is influenced by a conformational change of the protein. In the absence of NaCl at pH 6.5, a circular-dichroism spectrum of rExoU predominantly demonstrated an ␣-helical protein. Neither addition of liposomes nor alterations in pH and NaCl concentration resulted in a detectable change in the overall secondary-structure content of rExoU (data not shown).
Overview. Parameters that influenced rExoU activity included the type of substrate liposomes, time, temperature, pH, the presence of NaCl and detergents, the amount of cofactor and enzyme, and the inclusion of protease inhibitors. Overall, conditions were established such that the contribution of endogenous proteases from yeast extract was minimized and rExoU activity was maximized.
The optimized assay was used to examine the substrate specificity of rExoU. In a recent report, rExoU exhibited activity that was about 10-fold greater for lysoPC than for PC (18) . Unfortunately, in those studies, lysoPC was presented to rExoU as micelles, while the PC substrate was contained in DPPC gelphase vesicles (11) . Most PLA 2 enzymes have high activity in bilayers around the melting temperatures of substrates and only weakly hydrolyze phospholipids from gel-phase bilayers (8, 19) , contributing to the minimal phospholipase activities reported. The ability of rExoU to hydrolyze lysoPC is not surprising, given that cPLA 2 hydrolyzes 1-palmitoyl-2-lysoPC and patatin cleaves monoacylglycerol and monoacylglycolphosphocholines (2, 10, 13) . Degradation of bilayer membrane phospholipids, however, would be expected to have moresignificant consequences for cell viability than lysoPC hydrolysis.
The selectivity of ExoU for eukaryotic cells is not based on phospholipid substrate specificity but is related to a proteinaceous cofactor, consistent with the biochemical properties of all other P. aeruginosa type III effectors, ExoS, ExoT, and ExoY (4, 7, 20) . The activator for ExoU must be present during substrate hydrolysis, i.e., it must be a cofactor; this process contrasts with one in which ExoU is modified or preactivated. For cPLA 2 activity, phosphorylation and interfacial activation are necessary, as are calcium ions (3, 12, 13) . It is feasible that rExoU may also require modification or interfacial activation as well as the cofactor for its catalytic activity.
The overall secondary structure of rExoU is not altered in the presence of liposomes. This result suggests that interaction (1 g) during incubation at pH 7.4 or 6.5 at 30°C in the presence (U ext) or absence (U) of yeast extract (5 g) was monitored by Western blotting. Aprotinin (2.3 g) was added to the incubation mixture at pH 6.5 to minimize rExoU degradation. The samples were used after 1 or 3 h of incubation for the in vitro assay. For positive controls, 1 g of rExoU or 5 g of extract was incubated individually, and fresh extract or rExoU was added immediately prior to the assay. Percentages indicate levels of rExoU activity relative to those exhibited by positive controls. (B) The incubation temperature of in vitro assays was varied, and rExoU activity was quantified in the presence of a protease inhibitor. Samples containing 5 g of rExoU, 5 g of yeast extract proteins, and 6 g of aprotinin were incubated with liposomes for 15 min.
with phospholipid substrates does not alter rExoU conformation or that rExoU may not bind a substrate in the absence of the cofactor.
